Apoptosis is a distinct form of cell death, which requires energy. Here, we made real-time continuous measurements of the cytosolic ATP level throughout the apoptotic process in intact HeLa, PC12 and U937 cells transfected with the firefly luciferase gene. Apoptotic stimuli (staurosporine (STS), tumor necrosis factor a (TNFa), etoposide) induced significant elevation of the cytosolic ATP level. The cytosolic ATP level remained at a higher level than in the control for up to 6 h during which activation of caspase-3 and internucleosomal DNA fragmentation took place. When the STS-induced ATP response was abolished by glucose deprivation-induced inhibition of glycolysis, both caspase activation and DNA laddering were completely inhibited. Annexin V-binding induced by STS or TNFa was largely suppressed by glycolysis inhibition. Thus, it is suggested that the cells die with increased cytosolic ATP, and elevation of cytosolic ATP level is a requisite to the apoptotic cell death process.
Introduction
Apoptosis is a genetically programmed cell death process, which is triggered by external and internal signals. This distinct form of cell death plays an essential role in tissue development and homeostasis, 1 and also in the elimination of cancerous, virally infected or degenerated cells. 2 At present, there is no question that apoptosis requires energy, because it is a highly regulated process involving a number of ATPdependent steps such as caspase activation, enzymatic hydrolysis of macromolecules, chromatin condensation, bleb formation and apoptotic body formation. [3] [4] [5] [6] [7] [8] [9] Depletion of cellular ATP was found to cause switching of the form of cell death, from apoptotic cell death triggered by a variety of stimuli to necrotic cell death. 5, [10] [11] [12] [13] [14] Thus, it is now well accepted that the level of intracellular ATP determines whether the cell dies by apoptosis or necrosis. 4, 7 The total ATP level in different cell types undergoing apoptosis has been measured by a luciferin-luciferase assay following lysis of the cells. 5, 12, 13, [15] [16] [17] [18] [19] Although most studies demonstrated that apoptotic stimulation reduced, to a certain extent, the total cellular ATP level, 13, 15, [17] [18] [19] several studies found that levels of total ATP 5, 16, 20 were unchanged during early stages of apoptosis. Such variability in measured ATP levels might be, at least in part, due to differences in the time period of apoptotic stimulation and/or the degree of contamination by cells that have already died and lost ATP. It should also be noted that ATP may not be uniformly distributed throughout the cell body. 21, 22 Thus, it is likely that the total ATP levels hitherto measured do not accurately represent the cytosolic ATP levels.
In the present study, we made continuous measurements of the cytosolic ATP level in intact cells throughout the apoptotic process, up to their death. Our results show that cytosolic ATP within cells undergoing apoptosis is maintained at a level higher than in control cells even as caspase activation and DNA laddering are occurring, during the final stages of cell death. Also, we suggest that elevation of the cytosolic ATP level is a prerequisite to the apoptotic cell death process.
Results

Elevation of the cytosolic ATP level was induced by apoptotic stimulation
HeLa cells have been shown to respond to staurosporine (STS), a drug that induces mitochondrion-mediated apoptosis, with an apoptotic volume decrease (AVD), caspase-3 activation and cell death, which start 0-1, 2-3 and 3-4 h, respectively, after treatment. 23 Here, we measured the cytosolic ATP level of luciferase-expressing HeLa cells incubated in Ringer solution, during the proapoptotic stage and up to 70 min after STS application. As shown in Figure 1a , STS (4 mM) promptly caused an increase in cytosolic ATPdependent luminescence. The signal reached a maximum value (227716%, n ¼ 9: P ¼ 3.1 Â 10 À5 ) within 15-30 min and then gradually decreased to a level of around 150-200%. In contrast, addition of an equal amount of dimethyl sulfoxide (DMSO), the vehicle for STS, did not alone cause any change in the luminescence signal (data not shown, n ¼ 7).
The STS-induced rise of cytosolic ATP signal was not affected by a pancaspase inhibitor, zVAD-fmk (50 mM added at 10 min before and during application of STS), as shown in Figure 1b . The peak value of relative luminescence in the presence of zVAD-fmk (253720%, n ¼ 7) was not significantly different from that in the absence of zVAD-fmk but presence of the vehicle (DMSO) alone (260716%, n ¼ 7: P ¼ 0.7767). This fact indicates that the STS-induced ATP response is an upstream event to caspase activation.
An essentially similar ATP signal response (255712%, n ¼ 5) was induced by STS in the presence of a K þ channel blocker, Ba 2 þ (5 mM, Figure 1c ), which was shown to block STS-induced AVD in a variety of cell types including HeLa cells. 23 Thus, it appears that the cytosolic ATP rise is not the secondary effect of AVD.
The peak ATP signal response to STS was concentrationdependent with an EC 50 of 0.4670.09 mM and a Hill coefficient of 1.8170.58, as summarized in Figure 1d . The basal concentration of cytosolic ATP under control conditions was estimated to be 1.2570.15 mM by calibration procedures. This value is close to the values observed for MIN6 cells transfected with luciferase 24 and for COSm6 cells transfected with a mutant K ATP channel. 25 The peak ATP concentration of STS-induced response was over several millimoles, although this could not be evaluated accurately, because the signal came close to the saturation level in the calibration curve.
To examine whether STS induces an increase in the total ATP of nontransfected HeLa cells, we used a conventional luciferin-luciferase assay to measure the total ATP content in cell lysates. A sizeable increase in the total ATP content was observed after 30-min treatment with 4 mM STS, and the mean value (6.5470.28 fmol/cell, n ¼ 12) was significantly greater (P ¼ 0.0020) than measured in control experiments using DMSO (4.9170.37 fmol/cell, n ¼ 11). The fact that the percent increase in total ATP (133%) was less than the percent increase in the cytosolic ATP signal (227%) may suggest that the STS-induced ATP increase in the cytosol was more marked than in noncytosolic compartments, and/or that the total ATP level was underestimated by some unknown factors (such as transient rise in intracellular calcium levels during cell lysis) involved in the assay procedures.
Next, we examined whether the STS-induced cytosolic ATP rise is specific to HeLa cells. We employed rat pheochromocytoma PC12 and human lymphoid U937 cells, because these cell lines have been shown to respond to STS with a series of apoptotic events with time courses similar to that for HeLa cells. 23 For these cells transiently expressing luciferase, a similar STS-induced increase in the luminescence signal could be detected (Figures 1e and f) . The STS-induced ATP signal response reached the peak value of 23072% (n ¼ 5:
À7 ) in PC12 cells and 190713% (n ¼ 7: 
À4
) in U937 cells. These results indicate that the STS-induced cytosolic ATP rise is not cell type-specific.
We then examined whether the cytosolic ATP response is specific to STS. An inducer of DNA damage-mediated apoptosis, etoposide (100 mM), was also found to increase the cytosolic ATP signal in HeLa cells (Figure 1g ) with a time course similar to that for STS (Figure 1a) . The peak value was 17175% (n ¼ 5: P ¼ 1.33 Â 10 À4 ), which corresponds to the ATP concentration of 5.070.7 mM. A rise in cytosolic ATP also occurred when an inducer of death receptor-mediated apoptosis, tumor necrosis factor a (TNFa) (20 ng/ml), was administered to HeLa cells in combination with cycloheximide (CHX, 20 mg/ml) (Figure 1(h) . Although an increase in the signal intensity was consistently observed in all experiments, the response had a lower peak value (12675%, n ¼ 6: P ¼ 0.0041; corresponding to 2.070.1 mM ATP) and a slower time course than for STS (Figure 1a ) or etoposide (Figure 1g ). On the whole, however, these results indicate that the cytosolic ATP rise is a phenomenon common to apoptosis induced by mitochondrion-, DNA damage-and death receptormediated mechanisms.
Elevation of cytosolic ATP levels continued even after activation of caspase-3 and DNA laddering
To examine how long the STS-induced ATP elevation persists, we observed the time course of changes in the cytosolic ATP-dependent luminescence in HeLa cells, which were incubated for varying lengths of time in culture medium (not Ringer solution) containing 4 mM STS. As shown in Figure 2a (squares), STS-induced elevation of cytosolic ATP signal was found to continue for up to 4 h and then to gradually decrease, reaching the zero level at about 10 h. A similar time course of elevation of cytosolic ATP signal was observed when the cells were incubated in culture medium free of STS for 1-10 h after a 25-min pretreatment with 4 mM STS, as shown in Figure 2a (circles). Marked elevation of the cytosolic ATP signal was found even just after washout of STS, and was maintained for up to 4 h. The ATP signal then gradually declined, falling below the control level after 7 h and down to a level slightly above the background level at 10 h. It must be noted that the ATP signal of the STS-exposed cell population returned to the control level at approximately 6 h when cell viability was only about 50% (see below). In any case, these experiments demonstrated that the cytosolic ATP level in both STS-treated and STS-pretreated cells is higher than in control cells for up to 6 h. As shown in Figure 2b , loss of viability of luciferaseexpressing HeLa cells after a 25-min pretreatment with STS was found to proceed with a time course similar to that of the fall in cytosolic ATP signal (Figure 2a ). This suggests that the gradual decrease in cytosolic ATP was associated with an increase in the number of dead cells. As shown in Figure 2c and d, activation of caspase-3 and internucleosomal DNA fragmentation started within 3-4 h after STS pretreatment. These results indicate that execution events in apoptosis, such as caspase activation and DNA laddering, take place in the presence of excess cytosolic ATP, and that this highly energized cell state is not restricted to the early proapoptotic stage but extends through the executive apoptosis stage.
When an inducer of death receptor-mediated apoptosis, TNFa (20 ng/ml), was applied to HeLa cells in combination with CHX (20 mg/ml) in the culture medium (not in Ringer solution as in Figure 1h ), the cytosolic ATP signal increased above the control level and remained high up to 5 h (Figure 3a) . The following decline in ATP-dependent luminescence paralleled the change in cell viability (Figure 3b ). It is noteworthy that after 8 h of TNFa/CHX treatment, measured ATP signal remained at approx. 80% of the initial level, while about 40% of cells have already died, suggesting that remaining cells had high cytosolic ATP concentrations. Caspase-3 activation and DNA laddering in these experimental conditions were observed already at 4 h in our previous study. 23 
STS-induced rise in cytosolic ATP depends on the glycolytic reaction
When HeLa cells were incubated in normal Ringer solution containing glucose and supplemented with a mitochondrial F o , F 1 -ATPase inhibitor, oligomycin (10 mM), abolishment of the STS-induced rise in ATP signal was never observed, although the peak response became less prominent and less prolonged (Figure 4a ) compared to under control conditions ( Figure 1a ). The mean peak response was 15177% (n ¼ 7: P ¼ 0.0010) of the control basal level. When the glycolytic reaction was blocked using 2-deoxy-D-glucose (2DG, 20 mM) in glucose-free Ringer solution, the STS-induced ATP response was abolished (Figure 4b ). The peak level was 10475% (n ¼ 12: P ¼ 0.408) of the control basal level, and after reaching the peak, the ATP signal was maintained near normal levels. When both respiratory and glycolytic reactions were inhibited using 2DG and oligomycin under glucose-free conditions, STS brought about a rapid decrease in the ATP signal (Figure 4c ) to 5874% (n ¼ 7:
). When glucose-free solution containing 2DG and supplemented with a substrate of mitochondrial oxidative phosphorylation, pyruvate (5 mM) was used, the STS-induced ATP signal response was partially restored (to 11976%, n ¼ 12: P ¼ 0.010), as shown in Figure 4d . These results indicate that STS-induced elevation of the cytosolic ATP level is supported mainly by glycolysis in the cytosol and partly by oxidative phosphorylation in the mitochondria.
Elevated level of cytosolic ATP may be a prerequisite to apoptotic cell death
To answer the question as to whether elevation of the cytosolic ATP level is a prerequisite to apoptotic cell death, When STS-induced ATP responses were abolished and cytosolic ATP signal was reduced below the normal level by inhibiting both glycolysis (using 2DG in glucose-free solution) and respiration (with oligomycin), no biochemical signs of executive apoptosis events were detected by assays for caspase-3 activation (Figure 5a : squares) and DNA fragmentation (Figure 5b: square) . Also, Annexin V binding was significantly reduced by metabolic inhibition (Figure 5c : STS þ 2DG þ oligomycin). Annexin V binding was increased, in a zVAD-fmk-dependent manner, by treatment not only with STS but also with TNFa/CHX (Figures 5c and d) . Similar suppression of TNFa-induced Annexin V-binding was observed not only by application of 2DG or 2DG þ oligomycin but also by oligomycin alone for 1 h during the treatment with TNFa þ CHX (Figure 5d ). The population of propidium iodide (PI)-positive necrotic cells, which was evaluated 1 h after the cells were transferred to the normal glucose-containing Ringer solution, was slightly increased by treatment with STS or TNFa þ CHX (to approx. 6%: Figure 5e ), but this was not significantly affected by cotreatment (for 25 min only) with (Figure 5e ). Based on these results, it is suggested that elevation of the cytosolic ATP level is an absolute requirement for the events in apoptotic cell death.
Discussion
The firefly luciferin/luciferase reaction has been of great utility in monitoring ATP concentrations as measured by released photon count, because luciferase catalyzes the conversion of ATP, luciferin and O 2 to AMP, oxyluciferin and CO 2 with simultaneous generation of a photon. 27 Luciferase introduced inside the cells has been successfully used to continuously monitor the intracellular ATP concentration and its changes in various physiological conditions. 24, 28 In the present study, we used this powerful technique to measure time-dependent changes in the cytosolic ATP level after apoptotic stimulation in three different cell types transfected with the firefly luciferase gene. For cells incubated in Ringer solution, cytosolic ATP was found to increase (to over several millimoles) upon application of an apoptotic inducer (STS, etoposide or TNFa), reaching a peak level within around 30 min, and slowly decreasing thereafter. At the STS concentration of 100 nM (conventionally used as a PKC inhibitor), ATP-increasing effect was not observed. The cytosolic ATP increased significantly at the STS concentrations of 0.5 mM and more. Since micromolar dose of STS was necessary to induce apoptosis, we suppose that STS-induced cytosolic ATP increase is not related to PKC but associated with the induction of apoptotic process.
Under the experimental conditions used, cytosolic ATP was maintained at a level higher than the control value (of around 1.3 mM) for over 70 min. For HeLa cells incubated in culture medium, the STS-induced peak response was found to extend for up to 4 h after STS stimulation. Subsequently, the cytosolic ATP level gradually decreased, but was still higher than the control for 4-6 h in the time period during which activation of caspase-3 and internucleosomal DNA fragmentation were observed to be taking place. A similar long-lasting cytosolic ATP increase was observed also for cell death induced by TNFa/CHX. Although the time course of the decrease in cytosolic ATP was found to correlate with the time course of cell death, the percentage of reduction of the ATP signal was less prominent than that of cell death, suggesting the ATP level of living cells was still higher than the normal level. Therefore, it appears that cells undergoing apoptosis have an excess of cytosolic ATP throughout the deathbed phase where caspases are activated and DNA laddering is occurring.
Here, we detected a significant rise of the total ATP of lysates of nonluciferase-transfected HeLa cells after 30-min stimulation with STS. In contrast, a number of earlier studies showed that the level of cell lysate ATP decreases 13, 15, [17] [18] [19] or remains unchanged 5, 16, 20 after apoptotic stimulation for 1-16 h. It must be noted that the ATP level in the living cells, if measured in the very late phase of apoptotic process, may have been underestimated because of contamination by dead cells that had already lost ATP. In any case, changes in the cell lysate ATP do not always reflect changes in the cytosolic ATP level. Here, monitoring the bioluminescence reaction of luciferase expressed in the cytosol, for the first time, we could consistently observe a cytosolic ATP rise in intact HeLa, PC12 and U937 cells after apoptosis induction by STS, and in HeLa cells stimulated with etoposide or TNFa.
In a previous study, we have shown that AVD is a major hallmark of the apoptotic process. 23 Such reduction in cell volume could by itself increase the cytosolic ATP concentration by condensation. However, the absolute degree of cell shrinkage was only about 10% during first hour of STS treatment, 23 which cannot explain approx. 2.3-fold rise in the luminescence signal observed during this time in the present study. Moreover, STS-induced ATP rise was not inhibited by a K þ channel blocker (Ba 2 þ ), which also blocks AVD. 23 The ATP response produced by an inducer of mitochondrion-mediated apoptosis (STS) was found to take place with a much earlier time course and a much greater amplitude than the response produced by an inducer of death receptormediated apoptosis (TNFa). An inducer of DNA damagemediated apoptosis (etoposide) is known to stimulate mitochondria via caspase-2. 29, 30 On the other hand, it is known that death receptor stimulation slowly induces secondary stimulation of mitochondria via Bid. 31 These facts could suggest that mitochondrial stimulation is involved in the ATP response to apoptosis inducers. However, the STSinduced ATP rise itself was due mainly to stimulation of nonmitochondrial glycolytic reactions, and not of mitochondrial oxidative phosphorylation. It is therefore possible that some factor released from stimulated mitochondria is involved in enhancement of glycolysis. A possible candidate factor could be a proton, since it is known that STS-induced apoptosis is associated with an early cytosolic acidification, and oligomycin and protonophores suppress this effect as well as the following cell death. 26 Further studies are required to test this possibility and to identify the factor. Mitochondrial ATP production in cells undergoing apoptosis might also play a supporting role in the maintenance of elevated cytosolic ATP levels, because STS-induced ATP responses became smaller and less prolonged in the presence of oligomycin. Such a role for mitochondrial ATP production is in line with recent reports that the mitochondrial membrane potential and ATP-generating function remain intact even after cytochrome c is released and caspase activation begins. 16, 18, 32 In the present study, we used 2DG in glucose-free Ringer solution to inhibit glycolytic reactions and a mitochondrial F o , F 1 -ATPase inhibitor, oligomycin, to suppress mitochondrial respiration. Since these maneuvers are strong assaults upon the cellular physiological functions and may have some nonspecific side effects, which may in turn modify cell sensitivity to the apoptosis-inducing agents, in the present study metabolic inhibitors were washed out after a short-time application. Thus, these maneuvers did not induce increases in the PI-positive cells under the present experimental conditions. Therefore, it is likely that execution of apoptosis took place in the conditions where glycolysis and mitochondrial respiration were fully recovered, and elimination of ATP rise only halted the initiation step of apoptosis without leading to necrosis.
The most notable findings in the present study are that inhibition of elevation of the cytosolic ATP level significantly suppressed Annexin V binding induced by STS or TNFa and prevented activation of caspase-3 and internucleosomal DNA fragmentation induced by STS. Even under conditions in which cytosolic ATP was maintained at a normal level, these execution events in apoptosis (caspase activation and DNA ladder) were abolished. Thus, maintaining cytosolic ATP at a normal level would be a useful method for protecting not only against necrotic cell death but also against apoptotic cell death associated with pathological insults such as ischemia/ reperfusion, in which both forms of cell death are simultaneously induced.
Materials and Methods
Cell culture and establishment of luciferaseexpressing cells
All cells were cultured on coverslips. HeLa cells were cultured in MEM culture medium, PC12 and HEK293T cells in DMEM medium, and U937 cells in RPMI 1640 medium. All culture media were supplemented with 10% FBS.
Since firefly luciferase introduced into cells by heterologous expression has been successfully used to continuously monitor the cytosolic ATP concentration, 24, 28 we generated a HeLa cell line stably transfected with firefly luciferase. 9 After selection, luciferase-expressing HeLa cells were maintained in DMEM containing 10% FCS, 500 mg/ml G418 and 100 mg/ml hygromycin. They were seeded onto 9 mm glass coverslips and grown to confluence (1-4 days) prior to luminescence measurements. Immunostaining showed that the whole cytosolic space was reactive to anti-luciferase antibody (Promega, Madison, WI, USA) (data not shown).
For transient expression of cytosolic luciferase in U937 and PC12 cells, the pGL3 control vector (Promega) was used. Cells were transiently transfected using Effectene transfection reagent (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions.
Cytosolic ATP measurements
Measurements of cytosolic ATP were performed with a modification of a method used elsewhere, 24 as described previously. 9 Briefly, each coverslip, with around 1.6 Â 10 5 HeLa or PC12 cells expressing luciferase, was washed with normal Ringer solution of the following composition (mM): 135 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 5 Na-HEPES, 6 HEPES, 5 glucose (pH 7.4, 290 mosmol/kg H 2 O). The cells were then placed in a transparent 2 ml plastic cup (inner diameter 10 mm) containing 0.5 ml of normal Ringer solution. The cup was lowered directly into the thermostated recording chamber of the luminometer (Lumi-Counter 2500, Microtec, Chiba, Japan), which was coupled to a Windows-based PC. For luminescence measurements from U937 cells, a cell suspension containing 3 Â 10 5 cells was centrifuged at 5000 r.p.m. for 1.5 min and resuspended into 0.5 ml of Ringer solution in a 2 ml plastic cup. After equilibration (5 min), the baseline luminescence (100-250 photons/10 s) was measured, and this was later subtracted for calculations of the percentage of luminescence changes and of the ATP concentrations. Luciferin (100 mM) was thereafter added from the 10 mM stock solution made up in 10 mM HEPES buffer. The luminescence was continuously monitored by integrating the photon counts over 10 s intervals at 371C. The sample was rotated with a frequency of approx. 100 r.p.m. with alternation of the direction every 3-5 s to ensure proper mixing of the solutions. After the signal reached a steady-state level (10-15 min), apoptotic inducers (STS, TNFa þ CHX, etoposide) or other reagents were added from 100 Â À1000 Â stock solutions. In all cases, at the concentrations used, these reagents did not have any direct effects on the luciferin-luciferase reaction. Continuous recordings were not possible in the culture medium because of interference with the luciferin-luciferase reaction by some components, such as dyes and serum. Thus, in some experiments (for Figure 2 data except for open circles and filled squares, and for Figure 5 data), cytosolic ATP measurements were carried out for HeLa cells, which were pretreated with staurosporine (STS) or TNFa ( þ CHX) for 25 or 60 min, respectively, in the absence or presence of metabolic inhibitors after incubating in culture medium for a specified length of time.
In order to relate the observed luminescence signals to cytosolic ATP concentrations, calibration procedures were performed according to Kennedy et al. 24 In brief, HeLa cells were bathed in a cytosolapproximating electrolyte solution consisting of (mM): 10 NaCl, 20 KCl, 110 K aspartate, 0.5 MgCl 2 , 1.7 CaCl 2 , 5 EGTA, 10 HEPES (pH 7.2, pCa 7). The cells were then permeabilized by 2 mM digitonin, and varying concentrations of MgATP were added from a stock solution containing 100 mM Na 2 ATP and 100 mM MgSO 4 in the above solution, and having a pH adjusted to 7.2 with KOH. The concentration-response curve thus obtained could be fitted to a Michaelis-Menten equation with a K m of 1.5570.15 mM. The K m value is close to that observed for MIN6 cells transfected with luciferase. 24 Total ATP measurements for cell extracts Total ATP was quantified using a commercially available luciferinluciferase assay kit (AF-2L1, DKK-TOA, Tokyo, Japan). Nontransfected HeLa cells on coverslips were washed with 0.5 ml Ringer solution. Then, the coverslips were placed in a 24-well plate with 300 ml of ATP-releasing reagent (AF-2K2, DKK-TOA). The plate was swirled gently, and lysis was allowed to proceed for 3.5 min at room temperature. The lysate was stirred with a micropipette, and a 50 ml aliquot of lysate was added to 400 ml Ringer solution. Then, luminescence was measured at 371C by adding a 50 ml aliquot of luciferin-luciferase mixture from the ATP assay kit.
Annexin V-binding, caspase-3, DNA fragmentation and cell viability assays Assays for Annexin V binding and PI staining were performed by using Annexin V-FITC Apoptosis Detection Kit (Sigma, St. Louis, MO, USA) according to the manufacturer's instructions. The cells were visualized under a fluorescence microscope, the digital images were transferred to the computer, and positive cells were counted manually inside a square area of 833 Â 625 mm 2 , which contained about 1000 cells. Caspase-3 activity was measured using a fluorometric assay, 33 as described previously. 23 In brief, the difference in fluorescence in the absence and in the presence of a specific inhibitor of caspase-3 was observed. The fluorogenic substrate for caspase-3 (Ac-DEVD-AMC), which was labeled with the fluorochrome 7-amino 4-methyl coumarin, and the tetrapeptide inhibitor of caspase-3 (Ac-DEVD-CHO) were provided in the CaspASE Assay System (Promega).
Internucleosomal DNA fragmentation was detected as DNA laddering, as reported previously. 23, 34 Briefly, cells were digested in lysis buffer (10 mM EDTA/0.5% Na-N-lauroylsarcosinate/500 mg/ml RNase/50 mM Tris-HCl, pH 7.8) for 1 h at 371C and treated with 500 mg/ml proteinase K for 1 h at 371C. The chromosomal DNA was analyzed by agarose gel electrophoresis (2%) followed by staining with ethidium bromide.
Viability of cells was assessed using the Cell Counting Kit (Dojindo, Kumamoto, Japan) according to the manufacturer's instructions. This kit measures mitochondrial dehydrogenase activity using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay, and is based on the principle that viable cells (but not dead cells) can reduce MTT. 35 
Chemicals
Luciferin was obtained from Promega, digitonin from Nacalai Tesque (Kyoto, Japan), CHX from Wako (Osaka, Japan), TNFa from Endogen (Woburn, MA, USA) and other chemicals from Sigma (St. Louis, MO, USA).
Statistics
Data are given as means7S.E.M. Comparisons between two experimental groups were made using the unpaired Student's t-test. Differences were considered to be statistically significance at Po0.05.
